Five sheep were anaesthetised with sodium thiopentone, nitrous oxide and oxygen, and the lungs ventilated artificially. A computer-controlled infusion of atracurium employing feedback from isometric force measurement was set to maintain 15, 50and 85% depth of neuromuscular block. Each was held constantfor 30 minutes, while isometric force and electromyogram were measured on the left forelimb and acceleration on the right. The acceleration transducer records at the three levels of block were practically identical with those from force measurements: mean differences (SD) between simultaneous measurements being 3.6 (5.4)%. EMG value was 10.1 (12.0)% different from force measurement. Correlation between simultaneous force and either acceleration or EMG was excellent (r = 0.986 and 0.938 respectively). In clinical practice all three techniques measure block comparably. In the sheep forelimb, EMG was a less reliable method of measuring block.
There are several ways to monitor neuromuscular block during general anaesthesia. Integrated force, acceleration and electromyogram (EMG) can be readily measured. Early comparisons between force and EMG showed close correlation but great intra-individual variation of simultaneous readings (the SO of difference was 10-15%)1-6 Recent comparisons between force and acceleration have revealed similar differences. 7 -9 There is no report where all three techniques have been used simultaneously to detect any apparent variations in the intensity of block as measured by them. We report the results obtained from the three techniques during balanced anaesthesia and a computer-controlled atracurium infusion which maintained block at each level for 30 minutes.
MATERIAL AND METHODS
Five adult merino sheep weighing 45 kg were anaesthetised with thiopentone 12-15 mglkg, according to the protocols laid down for animal experiments. General anaesthesia was maintained with nitrous oxide and oxygen (2: 1) and thiopentone infusion 20-30 mglkglh. Endotracheal intubation was performed with local anaesthesia and ventilation controlled to maintain end-tidal carbon dioxide at 5%. Isotonic saline was infused at 300 mUh through an 18 gauge external jugular vein cannula. Sheep were h~ld supine with their forearms supported vertically and the upper arm restrained horizontally.
Thin silver wires were placed close to the branches of the left and right ulnar nerves as they crossed the olecranon process. The wires were inserted through 18 gauge plastic cannulae which were left in situ to insulate all except the distal 5 mm of the wire from the surrounding muscle. A Statham strain gauge force transducer with 100 g preload was attached to a splint taped to the left forelimb, so that the forearm and manus could be held isometrically as one unit. A Kulite GY 155-5 acceleration transducer was attached to a similar splint on the right forelimb which was allowed to move against a restoring weak spring. The EMG of the flexor muscles was measured on the left side by a silver wire inserted into the flexor carpi ulnaris muscle and a metal clip attached to the skin which was smeared with conducting jelly. The quality of the electrical signals was monitored on an oscilloscope. The signals were integrated for 60 msec for acceleration, 120 msec for force and integrated and rectified for 15 msec for EMG. The stimulus artifact was specifically excluded from the EMG integration. The integrated values were specifically chosen instead of peak values as the better indication of depression of muscle response to tetanic stimulation. Repetitive stimuli were used in this study as they compare with normal motor neurone discharge. A typical trace from the pen recorder shows the integrated force, acceleration and EMG records in Figure I .
The ulnar nerves were stimulated by single supramaximal stimuli of 0.1 msec duration each 10 seconds. When the baseline electrical signals had been stable for 15 minutes, a bolus of atracurum 0.1 mg/kg was given. An infusion (2 mg/ml) then followed, controlled by a microprocessor with the force signal used for feedback control. 10 The force signal was kept at a nominal 50% of baseline for 30 minutes. A further atracurium bolus was then given and the force signal controlled at a nominal 15% of baseline (that is, 85% block) for 30 minutes. For technical reasons exact levels of 50%, 15% and 85% could not be maintained. Averaged levels were therefore used for calculating results. The infusion was then turned off and the force signal allowed to return to baseline, to enable compensation to be made for baseline drift that may have occurred during computer control. The force signal was then controlled to a nominal 85% of baseline (15% block) for 30 minutes. The final recovery of the force signal was recorded before the transducers were disconnected.
The recorded values of the depression of force, acceleration and EMG signals were analysed and compared with the baseline levels. The degree of block recorded by the three techniques was calculated as a percentage of the force depression. Correlations between force and both acceleration and EMG were made by linear regression analysis. The differences between simultaneous signal levels at the steady states were analysed to give mean (SD) for comparison. Analysis of variance was used to detect differences between the three techniques. A value of P < 0.05 was regarded as significant.
RESULTS
The results of the experiments are shown in Table 1 . For each level of block, mean values with standard errors of force, acceleration and EMG are given together with infusion rates. Figure 2 shows the relation between infusion rate and block measured by the three techniques. Probit plotting is used to linearise the dose-response curve at low and high dosages and make comparisons between the three techniques easier. Figure 3 shows the relationship between force and acceleration. The correlation is excellent (r = 0.986, P= 0.001) although the mean intraindividual differences between measurements was 3.6 (5.4)%. Figure 4 shows the relationship between force and EMG. Although correlation is good (r = 0.938, P> 0.001), the difference between measurements was greater than that between force and acceleration. 
DISCUSSION
This is the first reported study which evaluates simultaneously force, acceleration and EMG signals during steady-state neuromuscular block. It reveals very good correlation, but individual sheep show considerable differences between simultaneous measurements by the techniques.
Reported studies of simultaneous force and EMG measurements show varying results depending on which blocker has been used.
TABLE 1
Infusion rates of atracurium in microgramlkglmin at three levels of NM block; and integrated force, acceleration and EMG measurements together with means (SD). Consistent results were obtained with longer-acting agents (tubocurarine, alcuronium): force measurement records greater block than EMG.l, 3, 11 With metocurine there was no significant difference between the pre-Ioaded EMG and force measurements. 6 Consistent results also were found with intermediate-acting agents (atracurium, vecuronium): force and EMG recorded comparable block. 3 . 5 With suxamethonium, force suggested less block than EMG.1,12
All studies comparing force and acceleration techniques have used either atracurium or vecuronium. 7 • 9 ,13 The results have shown good correlation between the techniques when either train-of-four or twitch depression have been evaluated. The only study using a longer-acting agent (alcuronium) and comparing acceleration with EMG suggested that acceleration indicated a greater degree of block. 14 Atracurium was selected because of its short halflife which made it easier to vary the level of block to the three selected twitch levels by an infusion under computer control. As all three techniques are designed to measure the same pharmacodynamic effect, neuromuscular block, it is not surprising that regression analysis produces such good correlation between them. More important, however, is the magnitude of intra-individual differences between the techniques. The mean difference in this study was small but the standard deviation of the difference was 7-12%, comparable with earlier reports. 1·9, 14 The intraindividual differences mean that when one technique records 50% block, another may record 25 to 75% block (two SD greater or less). Good general correlation between monitoring techniques indicate that the direction of changes in block are similar with all three techniques. This is shown by our original recordings. Figure 1 shows the typical responses during the transition from 50% to 85% depression of twitch force. All traces show similar directional changes but the magnitude of these is not identical with the three techniques. In particular the EMG measurement in this experimental set-up appeared to be less accurate than those obtained using acceleration or force to measure the level of block.
In conclusion, force, acceleration and EMG all measure levels of block with good correlation, Despite moderate intra-individual differences in the magnitude of measurements, the directional changes are parallel. It should be pointed out, however, that with tetanic stimulation the three methods of measurement become less reliable at deep levels of block, For this reason single-twitch integrated EMG has been used in other studies 10 to detect the earliest recovery from intense block such as that used clinically,
